Amplification of cytokeratin 19 (CK19) transcripts by reverse transcriptase-polymerase chain reaction (RT-PCR) has been shown to be a highly sensitive assay for the detection of bone marrow micrometastases (BMM) of breast cancer, but recent studies have demonstrated the occurrence of false-positive results due to low-level, illegitimately transcribed CK19 in normal bone marrow tissue. One approach to solve this problem is to develop a quantitative CK19 RT-PCR assay and to introduce a cut-off value which can distinguish between illegitimate expression and cancer-specific expression levels. In the present paper, we describe a quantitative CK19 RT-PCR assay using a real-time automated PCR system. The number of CK19 transcripts was normalized to that of GAPDH transcripts as an internal control for quality and quantity of cDNA. The cut-off value for the ratio of CK19 to GAPDH transcripts was set at 10 − − − −4 since the ratio never exceeded this value in the control bone marrow samples (n = = = =12). In total, 117 bone marrow aspirates from stage I-III patients with invasive breast cancers were subjected to CK19 RT-PCR assay and immunocytological examination. Forty (34.2%) were found to be BMM-positive by CK19 RT-PCR assay whereas only three (2.6%) were found to be BMM-positive by immunocytology. Multivariate analysis has shown that occult BMM detected by CK19 RT-PCR is a significant risk factor for relapse, being independent of axillary lymph node metastases.
Bone marrow micrometastases (BMM) are reported to be found in 30-40% of breast cancer patients without clinical distant metastases by an immunocytological examination of the bone marrow aspirates using a variety of antibodies raised against epithelial cell-specific antigens. 1) Most of these reports have concluded that BMM status serves as a significant prognostic indicator which is independent of the classical prognostic indicators such as lymph node status, histological grade, and tumor size. 1) Therefore, today, BMM status is considered a useful parameter to define precisely the tumor stage, and it will be included in the TNM classification as a facultative prognostic factor designated M1 (i) . 2) It has been shown that the detection rate of BMM increases in proportion to the number of bone marrow aspirates examined per patient.
3) Immunohistological examination of multiple bone marrow samples from six to eight sites including the sternum, bilateral anterior and posterior iliac crests, and sacrum usually gives a detection rate of BMM of around 30-40% in breast cancer patients without distant metastases but a single bone marrow sample shows BMM positivity only in 2-7%.
3) The requirement of multiple bone marrow sampling is a serious problem which reduces the general acceptance of BMM examination as a routine procedure, since multiple samplings are not well accepted by patients, and, moreover, surgery is prolonged and a large number of immunohistological sections should be prepared in order to examine the whole sample.
One approach to solve this problem is the establishment of a sensitive method that can detect BMM using a single aspirate at a comparable detection rate to a conventional immunohistological method using multiple aspirates. Recently, several reports have indicated that amplification of cytokeratin 19 (CK19) mRNA, which is expressed in virtually all breast cancer cells, but not in hematopoietic cells in the bone marrow, by reverse transcriptase-polymerase chain reaction (RT-PCR) is a more sensitive method than immunocytology for the detection of BMM. [4] [5] [6] However, there has been controversy as to the specificity of CK19 RT-PCR assay. Some reports yielded no falsepositive results in samples from healthy controls with CK19 RT-PCR [4] [5] [6] but other authors reported the occurrence of false-positive results at various frequencies. [7] [8] [9] [10] A main source of false-positive results is thought to be amplification of low-level, illegitimately transcribed CK19 from hematopoietic cells.
Development of a quantitative CK19 RT-PCR assay might solve this problem by allowing the use of a cut-off value which is set using the control samples so as to differentiate illegitimate CK19 expression and cancer-specific expression. Very recently, Slade et al. have developed a quantitative CK19 RT-PCR assay which is based on estimation of the number of CK19 transcripts by competitive PCR. 11) They have been able to demonstrate that the falsepositive problem can be essentially solved by introducing an appropriate cut-off value and that the quantitative CK19 RT-PCR assay which they developed is more sensitive than immunocytology in the detection of BMM. Their results are very interesting but the most important issue, i.e., the prognostic significance of the occult BMM detected by CK19 RT-PCR, was not studied in their report. In addition, although they employed competitive PCR for quantification of CK19 transcripts, a real-time automated PCR seems to be the method of choice because the latter method should be simpler and more suitable for a routine test than the former. Therefore, in the present paper, we have attempted to develop a quantitative CK19 RT-PCR assay based on real-time automated PCR and, also, to study the prognostic significance of occult BMM detected by this new method.
MATERIALS AND METHODS
Bone marrow and peripheral blood sampling Bone marrow aspiration with a heparinized syringe was conducted immediately prior to surgery under general anesthesia for patients with stage I-III invasive breast cancer (n=117) or ductal carcinoma in situ (DCIS, n=12). The bone marrow aspirate (5 ml) was obtained from the sternum using a bone marrow aspiration needle. To eliminate the risk of skin contamination, an incision was made in the skin before introducing the needle. The aspirate was semipurified by Lymphoprep (Nycomed Pharma, AS., Oslo, Norway) gradient centrifugation, washed and resuspended in saline. Half of the sample was subjected to immunocytology and the other half was subjected to RNA extraction. Informed consent was obtained from every patient.
Peripheral blood was obtained through a venous catheter from the 15 healthy female volunteers; the first 1 ml was discarded because of possible contamination by epidermal cells, and then 10 ml was drawn using a new heparinized syringe. The peripheral blood samples were subjected to semipurification by Lymphoprep, and then to RNA extraction. Immunocyotology Bone marrow aspirate semipurified by Lymphoprep was smeared, fixed in ethanol/ether (4:1), and subjected to immunostaining of cytokeratins with the avidin-biotin-peroxidase method using anti-cytokeratin antibody (AE1/AE3) (Dako Japan Co., Ltd., Tokyo), which reacts to a broad spectrum of cytokeratins including cytokeratins 8, 18, and 19. Bone marrow smears were scored positive when cells stained strongly for cytokeratin and had the morphological characteristics of malignant cells. RNA extraction Total RNA was extracted from the Lymphoprep-semipurified bone marrow aspirates and peripheral blood mononuclear cells as well as from MCF-7 breast cancer cells by the acid guanidium-phenol-chloroform technique using TRIzol reagent (GIBCO BRL/Life Technologies, Gaithersburg, MD). The RNA extraction procedure was repeated two or three times until the interphase between the upper aqueous and lower phenol-chloroform phase became free of cell debris. The extracted RNA was resuspended in diethylpyrocarbonate-treated water and stored at −80°C until use. Fig. 1 . Primers and internal probe for real-time PCR for CK19 mRNA. Primers and internal probe were designed so as to maximize sequence difference between CK19 and its pseudogenes (CKa and CKb). The internal probe was labeled with a reporter dye (FAM) at the 5′-end and a quencher dye (TAMRA) at the 3′-end. * Mismatches to CK19.
Real-time PCR for CK19 mRNA We used real-time PCR (TaqMan PCR system, PE Applied Biosystems, Foster, CA) for quantification of CK19 transcripts. The primers and internal probe for CK19 are shown in Fig. 1 . In order to prevent amplification from the processed pseudogenes (CK19a and CK19b), 12) primers and internal probes were designed to maximize the sequence difference between CK19 and its pseudogenes. The internal probe for CK19 was labeled with a reporter dye (FAM) at the 5′-end and a quencher dye (TAMRA) at the 3′-end. Real-time automated CK19 PCR assay was conducted using TaqMan PCR master mix (PE Applied Biosystems) and an ABI 7700 Prism Sequence Detection System (PE Applied Biosystems) according to the manufacturer's instructions. In brief, first-strand cDNA was generated from 1 µg of total cellular RNA in a 20 µl reaction mixture containing 2.5 µM oligo(dT)20, 5 mM MgCl 2 , 10 mM Tris-HCl, 50 mM KCl (pH 8.3), 1 mM d-NTP mixture, 1 mM dithiothreitol, 1 U/µl RNase inhibitor, and 0.25 U/µl of AMV reverse transcriptase (TaKaRa, Kyoto) for 30 min at 42°C. The reaction was terminated by heating at 95°C for 10 min.
The PCR solution (50 µl) was composed of 1 µl of cDNA solution, 5 pmol of each of the forward and reverse primers, 10 pmol of internal probe and TaqMan Universal PCR Master Mix. PCR was carried out for 45 cycles (1 min at 94°C, and 0.5 min at 66°C) using the ABI 7700 Prism Sequence Detection System. PCR amplification of GAPDH mRNA was conducted according to the manufacturer's instructions using primers and the internal probe included in the GAPDH standard kit (PE Applied Biosystems).
Standard curves for CK19 and GAPDH were generated using serial dilutions (10 −1 to 10 −5 ) of RNA derived from breast cancer cell line (MCF-7 cells) in each assay, and the numbers of CK19 and GAPDH transcripts were calculated according to these standard curves. The CK19 PCR assay was performed in duplicate, and the mean value was used for calculation. GAPDH expression level was used as an internal standard for quality and quantity of cDNA and, thus, CK19 expression level was expressed as a ratio of CK19 to GAPDH. Treatment of patients subjected to prognostic evaluation Prognostic significance of occult BMM, which could be detected by CK19 RT-PCR assay but not by immunocytological examination, was evaluated in the 114 patients with invasive breast cancer and without immunocytologically detectable BMM. Median follow-up for these patients was 23 months with a range from 18 to 42 months. Sixty-five patients were treated with breast-conserving surgery followed by radiation therapy and 49 were treated with modified mastectomy. Ipsilateral breast recurrences after breast-conserving surgery were not counted as recurrences. Adjuvant chemo/endocrine therapy was mostly carried out as follows; patients with lymph node metastases received adjuvant chemotherapy (CMF (cyclophosphamide+methotrexate+5-FU)×6 cycles) and endocrine therapy (tamoxifen for 2 years) was added when estrogen receptor was positive. Patients without lymph node metastases received adjuvant chemotherapy if estrogen receptor was negative and tumor size exceeded 2 cm. Statistics The relationship between occult BMM and other known risk factors was assessed by application of the χ 2 test. Disease-free survival rates were calculated according to the Kaplan-Meier method. Cox regression analysis (univariate and multivariate) was carried out to assess the impact of occult BMM on disease-free survival. These analyses on overall survival were not performed because the total number of deaths was too small.
RESULTS
Sensitivity and specificity of quantitative CK19 RT-PCR assay When CK19 RT-PCR assay was done on the MCF-7 cell-derived RNA samples pretreated with reverse transcriptase, a rapid, logarithmic increase of PCR prod- ucts was observed, indicating a high expression level of CK19 transcripts, whereas no PCR products were formed when CK19 PCR assay was done on the same samples without reverse transcriptase pretreatment (Fig. 2a) . In addition, CK19 PCR assay of MCF-7 cell-derived genomic DNA resulted in no generation of CK19 PCR products (Fig. 2a) . These results demonstrate that false-positive results do not arise from amplification of the processed pseudogenes.
In order to estimate the sensitivity of CK19 RT-PCR assay, serial dilution experiments were carried out. RNA derived from MCF-7 was diluted against RNA from peripheral blood mononuclear cells without CK19 expression from 10 −1 to 10 −6 and subjected to CK19 RT-PCR assay (Fig. 2b) . CK19 transcripts were detected up to 10
Fifteen samples of peripheral blood mononuclear cells from healthy controls were subjected to CK19 RT-PCR. CK19 expression (CK19:GAPDH ratio) was below the detection limit (10
) for 12 samples but three samples showed CK19 expression ranging from 1.0×10 −5 to 7.1× 10 −5 . Bone marrow samples were unavailable from healthy controls. Thus, we used bone marrow samples from patients with DCIS as controls, since DCIS is virtually a curable disease by surgery and unlikely to have BMM. CK19 expression was undetectable for nine patients, but three patients showed CK19 expression ranging from 1.0×10 −5 to 5.2×10 . Since no samples from these controls showed CK19 expression above or equal to 10 −4 , this value was used as a cut-off value for CK19 expression in the following assays (Fig. 3) . Incidence of BMM In total, 117 patients with stage I (n=43), stage II (n=68), or stage III (n=6) invasive breast cancers (113 invasive ductal cancers and four invasive lobular cancers) were analyzed by both CK19 RT-PCR assay and immunocytological examination. Of these patients, 40 patients (34.2%) were found to be positive by the CK19 RT-PCR assay, whereas only three patients (2.6%) were found to be positive by immunocytology (Table I, Fig. 3 ). CK19 RT-PCR positivity was higher in the patients with lymph node metastasis as compared with those without it. All three patients with positive immunocytological results were also positive by CK19 RT-PCR. Clinicopathological characteristics of breast cancers with occult BMM Of the 117 patients with primary breast cancers, the three patients with positive results in both CK19 RT-PCR assay and immunocytology were excluded, and the remaining 114 patients were analyzed herein in order to elucidate the clinicopathological characteristics of the patients with occult BMM which could be detected by CK19 RT-PCR assay but not by immunocytology (Table II) . Positivity of axillary lymph node metastases (P<0.05) and lymphatic vessel invasion (P< 0.05) were significantly higher in the CK19 RT-PCR assaypositive patients than the negative patients. There was no significant difference in other factors between the two groups. Prognostic significance of occult BMM The prognostic significance of occult BMM was evaluated in the 114 immunocytologically BMM-negative patients. Patients with CK19 RT-PCR positive results showed a significantly (P<0.05) poorer disease-free survival than those with negative results (Fig. 4) . Univariate Cox regression analysis revealed that the positive CK19 RT-PCR assay result was a significant risk factor for relapse, and other risk Fig. 3 . Quantitative PCR assay for CK19 mRNA of peripheral blood and bone marrow samples. RNA samples from peripheral blood and bone marrow were subjected to reverse transcription and real-time PCR for CK19 mRNA. CK19 expression levels were expressed as ratios of CK19 to GAPDH (internal control). CK19 expression was undetectable in 12 of 15 peripheral blood mononuclear cells from healthy controls (PBMNC, HC), in 9 of 12 bone marrow samples from patients with DCIS (BM, DCIS), and in 65 of 117 bone marrow samples from patients with invasive breast cancer (BM, IBC).
represents three patients with immunocytologically detectable bone marrow micrometastases. factors such as large tumor size, lymph node metastases, lymphatic vessel invasion, high histological grade, and negative estrogen receptor status were also found to be significant (Table III) . Then, multivariate Cox regression analysis (forward stepwise method) was carried out to assess the independency of each risk factor from others. This showed that a positive CK19 RT-PCR result was a significant risk factor independent of tumor size, lymph node status, and estrogen receptor status.
DISCUSSION
Low specificity of conventional CK19 RT-PCR seems to be attributable partially to amplification of the pseudogenes from contaminating genomic DNA and mainly to amplification of the CK19 illegitimately transcribed from normal hematopoietic cells. Since CK19 has two highly homologous pseudogenes (CKa and CKb), it is very important to maximize the sequence difference when primers for RT-PCR are designed. Our method, TaqMan PCR, has an advantage as compared with the conventional PCR that inclusion of an internal probe besides the primers can enhance the specificity. The fact that amplification of CK19 products was neither observed in MCF-7 cellderived RNA without a reverse-transcriptase pretreatment or in MCF-7 cell-derived genomic DNA indicates that the CK19 RT-PCR assay developed in the present study does not amplify the pseudogenes. In order to eliminate false positives resulting from amplification of the illegitimate CK19 expression from hematopoietic cells, we attempted to set a cut-off value which could distinguish the cancer-specific expression from illegitimate expression. Low-level expression of CK19 was observed in a few control samples from peripheral blood and bone marrow but it never exceeded 10 −4 (CK19-to-GAPDH ratio). Thus, we adopted this value as a cut-off value. Slade et al. reported that the cut-off values in their competitive PCR assay were 1/1000 for blood samples and 1/1600 for bone marrow. 11) This difference in cut-off values seem to be attributable to the different methods used for quantification of CK19 transcripts.
Of the 117 breast cancer patients, only three (2.6%) were revealed to have BMM by the immunocytological examination of a single bone marrow aspirate in the present study. This incidence of BMM is apparently lower than those (30-40%) reported in multiple bone marrow aspirates from six to eight different sites. 1) Such a low incidence of BMM in a single bone marrow aspirate is consistent with previous reports, 3) indicating that immunocytological examination of a single marrow aspirate is clinically useless. On the other hand, quantitative CK19 RT-PCR assay was more sensitive than immunocytology. The incidence of BMM detected by quantitative CK19 RT-PCR assay was 34.2% (40/117). Slade et al. have also reported that quantitative CK19 RT-PCR (competitive PCR) is more sensitive than immunocytology in the detection of BMM.
11)
Clinical significance of immunocytologically detected BMM has been reported frequently 1) but that of occult BMM, which can be detected by CK19 RT-PCR but not by immunocytology, has yet to be established. In the present study, we have been able to demonstrate that occult BMM are significantly associated with lymph node metastases and lymphatic vessel invasion, and that the prognosis of the patients with occult BMM is significantly poorer than that of patients without them. Furthermore, it has been shown by multivariate analysis that occult BMM can serve as a significant risk factor for relapse, being independent of lymph node metastases, tumor size, and estrogen receptor status. Diel et al. 13) and Harbeck et al. 14) have also reported that BMM are an independent prognostic factor by multivariate analysis, using a median followup of about 3 years but, very recently, Mansi et al. have reported that BMM are not an independent prognostic factor in a study with a longer median follow-up of 12.5 years. 15) Therefore, the significance of occult BMM as an independent prognostic factor demonstrated in the present study still remains to be established by further study with a longer follow-up.
Of the 37 patients with occult BMM, nine developed recurrences, i.e., two in the bone (including one sternal metastases), two in the liver, two in the lung, two in the regional lymph nodes, and one in the local skin. Therefore, the presence of occult BMM is not a predictor of bone recurrences. Rather, it is indicative of a high likelihood of recurrence in any organ, as is the case for BMM detected by immunocytology. 1) Since bone marrow samples were not available from healthy controls, we used bone marrow samples from the patients with DCIS as controls. We confirmed the diagnosis of DCIS by histological examination of multiple sections from each lesion, and we consider that DCIS included in the present study is pure DCIS which is curable by surgery alone and virtually devoid of risk for developing distant metastases. Therefore, we think that usage of bone marrow samples from DCIS patients as controls is acceptable. However, the possibility can not be ruled out completely that microinvasion was overlooked in DCIS patients and exceptionally, the patients had BMM. Thus, the cut-off value which was decided in the present study should be re-evaluated in the future based on a larger number of bone marrow samples from healthy controls.
Among the CK19 RT-PCR assay-positive patients, the CK19 expression levels varied from 1.0 ×10 −4 to 3.9×10 −2 . It is speculated that the higher CK19 expression levels might reflect a higher tumor burden in the bone marrow, and that they might be associated with an even higher relapse rate among the CK19 RT-PCR assay-positive patients. However, such association was not observed in the present study (data not shown). CK19 RT-PCR assay can detect the presence of cancer cells, but it can not distinguish whether or not these cancer cells are capable of growing to form clinically detectable metastatic foci. Not only quantity but also quality of cancer cells is important for the establishment of metastatic foci. Heterogeneity in quality of cancer cells from patient to patient may explain why the higher CK19 RT-PCR assay values were not associated with a higher relapse rate.
Finally, in the present study, we have established a quantitative CK19 RT-PCR assay using a real-time automated PCR and have been able to demonstrate that this assay is more sensitive than immunocytology in the detection of BMM of breast cancers, and that occult BMM can serve as a significant and independent risk factor for relapse. It is suggested that the quantitative CK19 RT-PCR assay of a single bone marrow aspirate is clinically as useful as immunocytological examination of multiple bone marrow aspirates for the prediction of patient outcome. A conclusion can not be reached until the results of studies including a larger number of patients with a longer followup period are obtained, but our present results seem to warrant such future studies since, unlike immunocytological examination of multiple bone marrow aspirates, quantitative CK19 RT-PCR assay of a single bone marrow aspirate is much easier and, thus, practically acceptable.
